This study demonstrates a pronounced ion irradiation effect in ion milling of magnetic thin films. In fabrication of bit-patterned media, the ion irradiation could facilitate bit island isolation before complete removal of magnetic materials by ion milling. Combined with block copolymer lithography, sub-20 nm CoPt dots with uniaxial perpendicular anisotropy, resembling Stoner-Wohlfarth-like single domains, were achieved. X-ray diffraction demonstrates that the degradation of the magnetic film by ion irradiation is related to crystal structure damage.
I. INTRODUCTION
Bit-patterned media (BPM) 1 has been proposed as one of the next-generation recording media due to much higher areal densities and better thermal stability. [2] [3] [4] [5] In such media, each bit of data is stored in a discrete magnetic nanostructure (pillar/island) with perpendicular anisotropy. Ideally these bit islands are uniformly defined single magnetic domains with feature sizes around 10-20 nm, which is challenging in both the lithography step and etching process. Since magnetic materials are difficult to remove by reactive-ion etching, ion milling is typically used to transfer the lithography patterns to the magnetic layer. Due to the poor selectivity between an etching mask and magnetic material in ion milling, the mask layer has to be thick enough to ensure the patterned structures are still protected after ion milling. However, a thick etching mask could result in a serious shadowing effect, generating larger feature sizes than the desired patterns from lithography. The shadowing effect becomes especially pronounced in sub-12 nm bit size patterning for high density BPM fabrication. The large BPM bit sizes could cause neighboring islands to connect with each other, resulting in an exchange coupling between these islands. Even worse, large bit sizes could also facilitate domain wall generation in each single island, thereby preventing formation of single domains.
In addition to physical removal of magnetic materials with ion milling, another approach to pattern magnetic film is using ion irradiation to directly modify the film properties. [6] [7] [8] Since magnetic anisotropy could be reduced by ions, such as Ar þ and He þ , magnetic films could be patterned with spatially modulated magnetic anisotropy. The degradation of magnetic anisotropy results from the damage of the crystal structure due to the combined effects of ion implantation and ion bombardment during ion irradiation. 9 This approach has previously been applied in focused ion beam (FIB) [10] [11] [12] and projection lithography 13, 14 patterning through ion implantation. However, both FIB and projection patterning methods have drawbacks that limit their applications. FIB is time consuming due to its serial patterning scheme, and only suitable for small area prototype patterning. Ion projection lithography requires thick mask to block ion penetration in the active magnetic layer. For example, to block 30 keV He þ ions, a mask thickness of 600 nm with PMMA resist or 200 nm with tungsten is required. 9 It is hard to pattern a thick mask with feature sizes less than 20 nm in the lithography step. Therefore, neither FIB nor projection patterning is suitable for bit-patterned media fabrication.
In this project, we studied the ion irradiation effect in the Ar þ ion milling process. We found that ion irradiation as a side effect of ion milling is pronounced, which could benefit low cost large area fabrication of bit-patterned media. With consideration of the ion irradiation effect, the exposed magnetic materials from the mask do not have to be completely removed in ion milling, since the remaining layer may have already been degraded and softened from ion irradiation. Therefore, required ion milling time could be reduced. With less processing time, a thin mask layer could be used in BPM fabrication. Compared with the thick mask requirement for complete physical removal of magnetic film or preventing ion penetration in projection lithography, a thinner mask layer could make lithography patterning of sub-20 nm feature sizes feasible and easier. Also a thin mask layer could significantly reduce the shadowing effect in ion milling. We demonstrated successful fabrication of single magnetic domains in large areas with assistance of ion irradiation in Ar þ ion milling.
II. EXPERIMENT
In this work, Co 80 Pt 20 alloy film with a thickness of 20 nm was deposited onto a 50 nm hcp-oriented Ru seed layer to achieve a high perpendicular uniaxial anisotropy. Thin magnetic film was used here to avoid the inadvertent writing of neighboring bits by the head field gradient tails. 1 After magnetic film deposition, a 5 nm Ta layer was deposited on the top of CoPt film as a protective layer. All depositions were carried out using a seven-gun planetary sputter-up system a) Electronic mail: dawenl@eng.ua.edu (SFI Shamrock) at target powers ranging from 200 to 350 W and deposition pressure of 0.27 Pa. Two nanofabrication techniques, electron-beam lithography and block copolymer lithography, were applied to pattern the CoPt alloy film. In the electron-beam lithography (JEOL JBX 9300), a negative resist hydrogen silsequioxane (HSQ) was used for direct fabrication of etching masks (SiOx pillars as exposed HSQ). With a block copolymer patterning approach, a commercially available block copolymer from Polymer Source, Inc., polystyrene (PS)-block-polyferrocenylydimethylsilane (PFS), was used. A specific PS-b-PFS block copolymer with 55 kg mol À1 PS and 13 kg mol À1 PFS (55 K-13 K) was chosen to obtain PFS spheres after self-assembly. The PFS sphere masks were made by first dissolving PS-b-PFS block copolymer in toluene solvent at a concentration of 1.5 wt. %. Then filtered PS-b-PFS solution was spin-coated onto the CoPt alloy film followed by annealing at 140 C for 48 h. After phase separation, organometallic PFS spheres were embedded in a PS matrix. Further oxygen plasma treatment was used to remove PS polymer matrix, revealing the PFS spheres as etching masks. The bit islands were fabricated using Ar . The etching masks and magnetic nanostructures were imaged using scanning electron microscopy (SEM). Magnetic properties of continuous magnetic film and patterned dots were investigated using an alternating gradient field magnetometer (AGM) 15 and a superconducting quantum interference device (SQUID).
III. RESULTS AND DISCUSSION
We first demonstrated the degradation of magnetic film by ion irradiation as a side effect in Ar þ ion milling. nearly 54 nm were obtained as shown in Fig. 1(b , CoPt film beneath SiOx masks was exposed to the Ar þ ion beam, and was softened from the sidewalls. At a near-normal etching angle of 80 , the CoPt film beneath the SiOx masks was protected by both the SiOx masks and the Ta protective layer; therefore, magnetic properties of CoPt dots were well preserved.
We further verified that exposed film was not completely removed by ion milling and the remaining part was magnetically degraded by ion irradiation. The etching rate for the etching angle of 80 is around 2.5 nm/min for CoPt film and around 2 nm/min for the Ta capping layer. Since the total film thickness is 25 nm (5 nm Ta protective layer and 20 nm CoPt magnetic layer), to completely remove CoPt film a total etching time of 10 min is needed. Here 7 min of etching time was used; thus there should be 9 nm of CoPt film intact. From the cross-section SEM image in Fig. 1(d) the etch depth of the stack is about 14-15 nm. There is about 9-10 nm of film remaining, which matches our estimation based on etching rate. The out-of-plane hysteresis loop in Fig. 2(c) shows Stoner-Wohlfarth-like behavior, which demonstrates that the remaining 9-10 nm of the exposed CoPt film was magnetically softened by ion irradiation, and the softened film isolated the CoPt islands. As noted from the hysteresis loop in Fig. 2(c) , fabricated CoPt dots with 54 nm in diameter do not display a perfect square, which could result from large CoPt dot sizes. Dot sizes larger than 50 nm in diameter are anticipated to accommodate domain wall formation. In order to achieve single magnetic domains, CoPt dot sizes must be further reduced.
To reduce the feature size of CoPt dots, block copolymer lithography was used to pattern CoPt alloy film. Figure 3 shows the SEM image of PFS sphere patterns from self-assembly of 55 K-13 K PS-b-PFS block copolymer. The size of PFS spheres is around 20.4 6 0.3 nm in diameter with a center-tocenter spacing of about 54 nm. These values were obtained after averaging 30 spheres in SEM images. Some PFS spheres are larger than the average value due to overlapping of small PFS spheres. In addition to processing conditions, the volume ratio between polystyrene and PFS is also an important factor for obtaining identical PSF spheres. 16, 17 To verify that PFS spheres could indeed serve as effective etching masks to stop ions from reaching the magnetic film, we did simulation using TRIM software. The calculated projected range of Ar þ ions into PS polymer is about 2.3 nm at an accelerating voltage of 200 eV and 5.2 nm at 1000 eV. The projected depth of Ar þ ions into PFS is expected to be even shorter than in PS because of Fe and Si elements in PFS masks. Therefore, we conclude that PFS spheres could prevent Ar þ ion penetration into the CoPt film, although PFS masks are not strong enough and could be etched away during ion milling.
As shown before, the etching angle of 45 gives smaller feature size than 80 because of lateral etching. Also the CoPt dots from both etching angles of 45 and 80 are larger than SiOx masks (30 nm), which is due to the strong shadowing effect from tall SiOx masks (80 nm). Obviously, the lateral etching at the angle of 45 could offset part of the shadowing effect. To take advantage of lateral etching at the etching angle of 45 and avoid degradation from sidewalls, we developed a novel fabrication scheme utilizing coneshape PFS etching masks. The fabrication sequence is illustrated in Fig. 4 . After self-assembly of PS-b-PFS block copolymer, PFS spheres were revealed by oxygen plasma treatment. Then, the magnetic film with PFS spheres was etched at 45 for a short time of 2 min to form cone-shape PFS masks with reduced lateral dimension and etch away the exposed PS matrix between PFS spheres. Because of the cone shape, the PFS masks could be gradually shrunk down during the following ion milling step at 80 for 5 min (dose value around 255 mC/cm 2 ), resulting in reduced dot sizes. In addition, the shadowing effect is also expected to reduce because of the shrunk down PFS masks. As shown in the titled SEM image in Fig. 5(a) , the fabricated CoPt dots have an average diameter of $20 nm, the same size as PFS spheres, which demonstrates that the developed fabrication strategy with cone-shape PFS masks could indeed offset the shadowing effect.
The out-of-plane and in-plane hysteresis loops based on the fabricated CoPt dot arrays were measured by AGM. From the out-of-plane hysteresis loops shown in Fig. 5(b) , magnetic parameters were extracted. The ratio between remanent magnetization and saturation magnetization S ¼ M r /M s is about 0.91, close to 1, the nucleation field H n about À0.5 kOe, and the coercivity H c around 0.8 kOe. Also, anisotropy field H k around 7.5 kOe was obtained from the in-plane hysteresis loop shown in Fig. 5(c) . Compared with the hysteresis loop of a continuous CoPt alloy film, Fig. 5(b) clearly indicates that the patterned CoPt dots behaved as Stoner-Wohlfarthlike single domains with a perpendicular anisotropy. As is noted, the coercivity H c is quite low, less than 1 kOe, which may come from two reasons, as follows: First, PFS masks may not be able to withstand the ion milling and have been etched away. A certain amount of ions could etch and degrade the magnetic film from the sidewalls and the top part of bit islands. Therefore, the actual volume of CoPt dots could become much smaller than patterned dot sizes shown in SEM. Such small CoPt dots are susceptible to magnetic reversal by thermal fluctuation, resulting in low coercivity. SQUID was used to measure the out-of-plane hysteresis loop at low temperature of 4.2 K. As shown in Fig. 5(d) , the coercivity increases from 0.8 kOe at room temperature to 3.8 kOe. Based on these coercivity values, we estimated the effective volume of fabricated CoPt islands using the Sharrock formula, 18, 19 
where magnetic anisotropy constant K u % 1/2 Á M s H k , M s $ 1000 emu/cm 3 calculated from out-of-plane hysteresis loop of continuous CoPt film [ Fig. 2(a) ], H k $ 7.5 kOe; therefore, K u $ 3.7 Â 10 6 ergs/cm 3 , thermal attempt frequency and time f 0 $ 10 9 Hz, t $ 10 s, and k B is Boltzmann constant. For simplification, H 0 at 0 K is approximated by coercivity at 4.2 K, i.e., H 0 % H c (4.2 K).
The effective volume of CoPt dots is calculated as V % 3.67 Â 10 À19 cm 3 . If we presume that about 7 nm on the top of each dot is removed or degraded by Ar þ ions, and CoPt dot has a cylindrical shape, then the dimension of CoPt dot is estimated around 13 nm in height and 6 nm in diameter, much smaller than 20 nm dot sizes from SEM image in Fig. 5(a) . The calculation supports our assumption that the actual volume of CoPt dots is much smaller than the patterned dot sizes shown in SEM due to ion attack. Such small CoPt dots are susceptible to magnetic reversal by thermal energy, resulting in low coercivity. Another reason for the low coercivity may come from the pristine CoPt film itself. As shown in Fig. 2(a) , the hysteresis loop from continuous CoPt film displays a bowtie shape rather than a square. The low remanent magnetization and low coercivity indicate magnetocrystalline anisotropy is not dominant due to pronounced demagnetization. Also note that even though the CoPt islands were well protected by SiOx hard masks, the patterned media still showed coercivity as low as 3 kOe [ Fig. 1(d) ].
We further studied the degradation mechanism from ion irradiation. Energy-dispersive x-ray spectroscopy (EDX) was used for elemental analysis of CoPt dot arrays. The patterned sample shown in Fig. 5(a) was used for EDX characterization. From EDX spectra no Ar element was found inside the patterned film, which indicates that there is no ion implantation during the etching process. The degradation of magnetic film comes from crystal structure damage by ion bombardment. To further verify this assumption, the crystallinity of the original CoPt film and the patterned CoPt dot arrays were characterized using x-ray diffraction (XRD). As shown in Fig. 6 , CoPt (0002) peak intensity for CoPt dot arrays decreases compared to pristine CoPt film, which may come from a reduced crystallinity of magnetic material or material removal. The inset in Fig. 6 shows the zoom in of the CoPt (0002) peak. The full width at half maximum (FWHM) for CoPt dot arrays is larger than that from CoPt continuous films, indicating decreased CoPt crystal grain sizes after ion irradiation. Upon closer inspection of the XRD spectra, a shift of CoPt (0002) peak toward a higher angle is observed, which is due to the contraction of the c axis caused by ion irradiation. 20 Therefore, the bombardment of Ar þ ions on exposed CoPt film could damage lattice structures, thereby degrading the magnetic anisotropy. 21 
IV. SUMMARY AND CONCLUSIONS
In summary, we demonstrated that there exists a pronounced ion irradiation as a side effect in ion milling. In fabrication of bit-patterned media, it may not be necessary to completely remove the magnetic materials since the remaining film may have been magnetically degraded, thereby isolating the individual bit islands. Sub-20 nm perpendicular CoPt Stoner-Wohlfarth-like single domains were achieved through low cost large area patterning with block copolymer lithography. The degradation of magnetic properties from Ar þ ion irradiation is a result of the crystal structure damage by ion bombardment. It is worth mentioning that PS-b-PFS block copolymer patterning shows randomly distributed PFS spheres that are not well suited for fabrication of bit-patterned media. For patterning bit-patterned media, other techniques such as nanoimprint would be more suitable for high-density bit patterning over a large area with long-range order.
